The Drosophila Kelch protein is required to organize the ovarian ring canal cytoskeleton. Kelch binds and crosslinks F-actin in vitro, and it also functions with Cullin 3 (Cul3) as a component of a ubiquitin E3 ligase. How these two activities contribute to cytoskeletal remodeling in vivo is not known. We used targeted mutagenesis to investigate the mechanism of Kelch function. We tested a model in which Cul3-dependent degradation of Kelch is required for its function, but we found no evidence to support this hypothesis. However, we found that mutant Kelch deficient in its ability to interact with Cul3 failed to rescue the kelch cytoskeletal defects, suggesting that ubiquitin ligase activity is the principal activity required in vivo. We also determined that the proteasome is required with Kelch to promote the ordered growth of the ring canal cytoskeleton. These results indicate that Kelch organizes the cytoskeleton in vivo by targeting a protein substrate for degradation by the proteasome.
INTRODUCTION
A crucial aspect of animal development is the ability of cells to change shape and remodel cellular structures in a precise, reproducible, and concerted manner. For example, the coordinated cellular movements of gastrulation require the assembly of actomyosin structures near the apical surfaces of epidermal cells, and the concerted contractility of these actomyosin assemblies provides the driving force for tissue morphogenesis (SOLNICA-KREZEL AND SEPICH 2012). Developmental programs requiring changes in cell shape and structure ultimately act on cytoskeletal proteins and the factors that regulate them. Phosphorylation is one well-characterized mechanism that regulates cytoskeletal remodeling. Phosphorylation of membrane lipids is used to recruit cytoskeletal proteins to specific subcellular locations (YIN AND JANMEY 2003) , while phosphorylation of cytoskeletal proteins can promote or inhibit their activity (TAN et al. Nedd8 is a small, ubiquitin-like protein that is covalently attached to a specific lysine residue on cullin proteins, and this attachment is required for CRL activity (WU et al. 2005; LYDEARD et al. 2013) . To determine whether Nedd8 was required at ring canals, we carried out RNAi against Nedd8 by expressing a Nedd8 shRNA construct in the 
Functional analysis of Cul3-dependent Kelch degradation:
A feature of CRLs is that the SRS is often itself ubiquitylated, leading to its destruction by the proteasome.
SRS ubiquitylation occurs through an autocatalytic mechanism, and degradation of the SRS is dependent on the presence of its cognate cullin (WIRBELAUER et al. 2000; PINTARD et al. 2003; LI et al. 2004; DE BIE AND CIECHANOVER 2011) . The physiological significance of SRS degradation is not clear, though it has been proposed to facilitate SRS exchange, allowing cells to assemble a diverse set of CRLs (DESHAIES 1999) . Our results to this point demonstrate that Kelch is a multifunctional protein, with both ubiquitin ligase and F-actin crosslinking activities. We considered two basic models that could explain the mechanism of Kelch and Cul3 in organizing ring canal F-actin. First, Factin crosslinking and ubiquitin ligase activity could be coupled in some way. To test the first hypothesis that Cul3 association is primarily required to degrade Kelch and remove it from ring canal lumens, we mutated lysine residues in Kelch so that it would be resistant to autoubiquitylation and subsequent degradation. Our previous analysis of a construct lacking the Kelch-repeat domain suggested that the KREP domain was the target of ubiquitylation (HUDSON AND COOLEY 2010), consistent with structural models showing that the KREP domain was likely to be positioned close to the E2 enzyme (STOGIOS et al. 2005) ; also see Figure S1 A). Based on this result and structural modeling of the Kelch KREP domain we made an initial set of mutations targeting KREP lysine residues predicted to be surface-exposed ( Figure S1 B and C), as well as a construct in which all lysines in the Kelch-repeat domain were mutated to arginine (Figure 2 A) . We integrated both mutant and wild-type transgenes at attP2, a specific integration site on chromosome 3, and expressed the transgenes in kelch DE1 , a null mutant background, using either a strong (matGal4) or weak (otuGal4) Gal4 driver (see Materials and Methods for details). Integration of the transgenes at the attP2 site was done to minimize position effects on transcription (MARKSTEIN et al. 2008) , and we observed that independent lines of a given transgene produced consistent levels of protein expression. We previously showed that kel DE1 produces no detectable protein by
Kelch accumulates in ring canal lumens when Cul3 activity is reduced (HUDSON AND
Western blot (XUE AND COOLEY 1993) , and sequence analysis revealed a stop codon at glutamine 109, upstream of the BTB domain (Figure 2 A). This strategy allowed us to determine the steady-state levels and rescuing activities of transgenic proteins in the absence of endogenous Kelch.
Mutating one or both predicted surface-exposed lysines (K414 and K428) or all lysine residues (6K>R) in the KREP domain failed to stabilize the mutant Kelch protein relative to wild-type Kelch (Figure 2 B -E). All three of these transgenes produced proteins with an apparent stability similar to wild-type Kelch, and each rescued the kelch female-sterile phenotype, regardless of whether expression was driven by matGal4 or otuGal4 (data not shown 
Functional dissection of Kelch molecular activities:
To determine the importance of ubiquitin ligase activity, we carried out site-directed mutagenesis of Kelch. We focused on the BTB domain for this purpose, as structural analyses indicated we could introduce mutations to specifically disrupt Cul3 binding without affecting dimerization, as these binding interfaces are distinct (Figure 4 B) . We expected such a mutant Kelch protein to retain function as a dimeric F-actin crosslinking protein, but to be unable to function as CRL3 substrate recognition subunit.
BTB domains share a common structural fold with Skp1, which binds the Cul1 cullin and links it with an F-box SRS protein to form a CRL1 (XU et al. 2003) . Previous studies relied on this structural similarity to mutagenize the BTB domain in order to disrupt binding to Cul3 (XU et al. 2003; LEE et al. 2010) . We chose an initial set of residues to mutate based on these results in combination with residues predicted to be important for the BTB -Cul3 interaction based on further structural modeling (STOGIOS et al. 2005) . Several structures of BTB -Cul3 complexes have subsequently been solved (ERRINGTON et al. 2012; CANNING et al. 2013; JI AND PRIVE 2013) , and these models confirmed that our mutagenesis approach targeted residues that contribute to the Cul3 -BTB binding interface (Figure 4 A -B).
The BTB -Cul3 complex structure models highlighted three structural elements in the BTB domain that make significant contributions to the binding interaction: a loop between α-helix 3 and β-sheet 4, another turn between β-sheet 4 and α-helix 4, and residues in α-helix 5 (Figure 4 A -B). We initially targeted residues in the β4 -α4 turn (Q200 and S201) as well as in α-helix 5 (T231 and N234). S201 and N234 were chosen based on correspondence with residues mutated in the CRL3 SRS proteins MEL-26 and KLHL20 that eliminated Cul3 binding (asterisks in Figure 4 A; (XU et al. 2003; LEE et al. 2010) ; Q200 and T231 also contribute to the binding interface near these residues (ERRINGTON et al. 2012 Figure S2 ). This is consistent with the Kelch FE mutant exerting a dominant-negative effect through its dimerization with wild-type Kelch considering that BTB dimerization is required for the activity of at least one other CRL3 (ZHANG et al. 2005) . In addition, dominant mutations in KLHL3, the human ortholog of Kelch, bear the analogous E191A mutation (BOYDEN et al. 2012) . However, in our experiments Kelch FE is expressed at significantly higher levels than endogenous Kelch, and so the mechanism may be more similar to overexpression of the Kelch KREP domain (HUDSON AND COOLEY 2010). In the latter case, we hypothesized that the KREP domain remained bound to a ring canal substrate, trapping it in a complex protected from degradation mediated by the wild-type
CRL3
Kelch that was also present.
We next determined the extent to which the Cul3 interaction was disrupted in vivo with a co-precipitation assay using tagged forms of Cul3 and Kelch expressed in ovaries targeting proteasome subunit genes in post-mitotic germline cells (with the matGal4 driver). To monitor the effectiveness of proteasome inhibition, we made transgenic flies expressing a proteasome activity reporter protein (Ub G76V -GFP). The Ub G76V -GFP fusion protein has an uncleavable ubiquitin moiety fused to GFP that becomes a target for polyubiquitylation and subsequent degradation through the ubiquitin fusion degradation pathway (JOHNSON et al. 1995; DANTUMA et al. 2000) . Under conditions of proteasome inhibition, the Ub G76V -GFP protein will accumulate, so GFP fluorescence can be used as a readout of proteasome activity.
We found that expression of shRNAs targeting Prosβ5, a catalytic subunit of the 
2003)
, also has a Cul3-independent function in regulating the actin cytoskeleton during cytokinesis of early embryonic cell divisions (LUKE-GLASER et al. 2005) .
For Kelch, phenotypic analysis of kelch and Cul3 mutants alone was not sufficient to determine the in vivo contributions of F-actin crosslinking and SRS activity. To examine these functions, we generated two mutant proteins, Kelch FE and Kelch QSTN , designed to specifically disrupt the Kelch -Cul3 binding interaction without affecting its ability to dimerize, bind F-actin, or bind substrates.
The mutations in Kelch QSTN appear to result in partial loss of function with respect to Cul3 binding and CRL3 activity. This is somewhat surprising, since these mutations were chosen based on changes that were reported to completely disrupt the BTB -Cul3 interaction in the BTB proteins MEL-26 and KLHL20 (XU et al. 2003; LEE et al. 2010) . A set of six residues was mutated in those studies (Figure 4 A, black asterisks), though recent structural work showed that four of these are buried residues involved in maintaining the BTB structural fold (ERRINGTON et al. 2012) . Two of the six residues make substantial contacts between the BTB domain and Cul3 (ERRINGTON et al. 2012) , and these correspond to S201 and N234 in Kelch QSTN . Q200 and T231 are nearby residues shown to also contribute to Cul3 -BTB binding (ERRINGTON et al. 2012; CANNING et al. 2013; JI AND PRIVE 2013 Degradation of key regulatory proteins is one mechanism, and UPS-mediated destruction of Rho-family GTPases has been described (WANG et al. 2003; CHEN et al. 2009 ). In addition, cytoskeletal structural proteins, such as the F-actin binding protein Filamin, have been shown to be targets of UPS-mediated destruction (RAZINIA et al. 2011) . Finally, several actin-associated proteins are regulated by ubiquitin conjugation that alters the activity of the target proteins (HAO et al. 2013; YUAN et al. 2014) . A future challenge will be to understand how ubiquitin-mediated regulation of the cytoskeleton is implemented during development. Our work defining the central role of the UPS in shaping the ring canal cytoskeleton presents an opportunity to investigate how UPSmediated regulation of cytoskeleton can be integrated into a metazoan developmental program.
METHODS

Genetics:
To minimize transgene position effects on expression, wild-type and mutant Kelch cDNAs were cloned into a UASp vector modified for PhiC31 integration (gift of Mike Buszczak), and each was integrated into the attP2 PhiC31 integration site on chromosome 3 (GROTH et al. 2004) . For functional assays, we tested the ability of wild-type or mutant transgenes to rescue kelch null mutant ovaries using either the otuGal4 (P{otu-GAL4::VP16.R}1 (RORTH 1998)), or matGal4 (Bloomington #7063:
P{matα4-GAL-VP16}V37 (KALTSCHMIDT et al. 2000) ) germline drivers. Expression of Kelch using these Gal4 drivers results in Kelch levels that are either slightly lower or higher than endogenous Kelch, respectively, though both drivers fully rescue the fertility defect of the null kel DE1 allele when driving expression of wild-type cDNA. The Ub G76V -GFP proteasome activity reporter construct was generated by cloning Ub-G76V-GFP (DANTUMA et al. 2000) , Addgene plasmid #11941) into pCasper3-Up2-RX polyA, a ubiquitin promoter P-element vector with a modified polylinker (gift of R. Fehon, (FEHON et al. 1997) ), using EcoRI and NotI restriction sites. Transgenic flies were generated via P-element-mediated insertion. Injections of transgenes were performed at Rainbow
Transgenics. The UASp-YFP::Cul3, UASp-FLAG::Cul3, and UASp-SBP-mCherry::Kelch (1:200, Developmental Studies Hybridoma Bank). Lysates for co-precipitation experiments were prepared by homogenizing samples with a Duall teflon homogenizer in a lysis buffer containing 50 mM HEPES pH 7.5, 150 mM NaCl, 2 mM EDTA, 10 % Glycerol, 0.5 % Triton X-100, 1 mM PMSF and 5 µg/ml each of chymostatin, leupeptin, antipain, and pepstatin. Protein concentrations were determined by Bradford assay, and equal amounts of soluble lysate from each genotype (approximately 2 mg) were incubated with Streptavidin ultralink resin, washed in lysis buffer, and eluted with SDS sample buffer supplemented with 10 mM biotin. Samples were separated by SDS-PAGE, blotted to nitrocellulose, and probed with either Kel 1B or FLAG M2 (Sigma F1804, 1 µg/ml) antibodies. Western blots were quantified using the Gels tool in FIJI.
Statistical analysis was performed using Prism 6 software.
Proteasome inhibition analysis:
Images of control egg chambers or egg chambers experiencing proteasome inhibition (matGal4>Prosβ5 RNAi or >Rpn8 RNAi) were analyzed in FIJI software. For Ub G76V -GFP quantification analyses, maximum intensity projections were generated and the mean GFP fluorescence was measured for the whole area of the germline cells in individual egg chambers. GFP fluorescence was plotted as a function of egg chamber size (with five egg chamber area groupings -see Figure 7 C), and the GFP fluorescence measurement for the control 3000 µm 2 area grouping was normalized to 100 relative fluorescence units. To score the penetrance of the kelch-like ring canal phenotype, ring canals in mid-staged egg chambers (area grouping "3000 µm 2 ") were visually scored based on F-actin organization and were deemed kelch-like if they had a clearly thicker F-actin ring or the presence of an inner Factin ring. For ring canal parameter analyses (measuring ring canal lumen span, diameter, and F-actin width and intensities -see Figure 7 H, Figure S5 ), ring canals were analyzed from mid-staged egg chambers (area grouping "3000 µm 2 ") and Figure   S5 describes how these key ring canal parameters were measured using F-actin intensity plots. The amino acid sequence positions targeted for mutagenesis are oriented toward Cul3, and each was found to contribute to the interaction surface in the solved structures (ERRINGTON et al. 2012; CANNING et al. 2013; JI AND PRIVE 2013 Figure 3B ). In addition, the Kelch FE mutant protein accumulated in the ring canal lumen, colocalizing with the disorganized F-actin. When driven by matGal4, Kelch FE also formed highly abundant aggregates throughout the germline cytoplasm.
Scale bars: 50 µm for egg chamber images, 10 µm for cropped ring canal images. """' ... 
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